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ABSTRACT 
W2.8 
Near-square islands form during sub-monolayer homoepitaxial growth on metal (100) 
surfaces. Diffusion of these islands after deposition leads to collision of island pairs, typically 
corner-to-comer creating dumbbell-shaped clusters. Subsequent coalescence (or sintering) 
recovers a near-square equilibrium shape. This process is mediated by periphery diffusion (PD) 
and its study can provide detailed insight into the underlying dynamic processes and energetics. 
Atomistic modeling reveals that the size scaling of the characteristic relaxation time, T, depends 
on the detailed energy barriers of various hopping processes that contribute to PD. Simulations 
without an extra kink or comer rounding barrier for PD reveals T ~ L 4 , while behavior 
approaching T ~ £ 3 is observed with a significant extra kink rounding barrier for PD. The latter is 
consistent with experimental observations for Ag/Ag(IOO) at 300 K. 
INTRODUCTION 
For submonolayer homoepitaxial systems, where the substrate is "completely wet" by the 2D 
islands, the natural and traditional expectation was that post-deposition coarsening of the adlayer 
would occur via Ostwald Ripening (OR) [1]. The remarkable discovery first made for the 
Ag/Ag(1 00) system at 300 K was that large 2D clusters or islands of 1 OO's to 1OOO's of adatoms 
have significant diffusive mobility [2]. Furthermore, cluster diffusion and subsequent 
coalescence, i.e., Smoluchowski Ripening (SR) rather than OR actually dominates the coarsening 
process at 300 K (which occurs on the time-scale of hours) [3]. The diffusion coefficient of a 
cluster with linear size~ L scales like D(s) ~ L-"', with a~ 2.2 for L = 10-20 at T = 300 K, 
and the mechanism was proposed to be periphery diffusion (PD) [4]. In fact, these and related 
studies have prompted much theoretical analysis of cluster diffusion (and, specifically, of the size 
scaling) via both atomistic [5-7] and continuum [8] models. More recently, the subsequent 
coalescence or sintering process through the same PD mechanism has been studied both 
experimentally and theoretically [9-13]. In this paper, using Ag(lOO) as an example, we show 
that one can reveal details of periphery diffusion (and specifically kink rounding) through realistic 
modeling of the sintering process. 
ATOMISTIC MODELING OF PERIPHERY DIFFUSION 
For simplicity, our atomistic model of PD assumes that configuration energies can be 
determined by counting nearest-neighbor (NN) bonds with strength ¢. The four key elementary 
*Current Address: Department of Mechanical Engineering, University of Colorado, Boulder, CO 80309 
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Figure 1: Bird's eye view of key periphery diffusion (PD) processes and the associated barriers 
assuming NN interactions ¢>: straight edge diffusion (barrier E.); kink escape (barrier E. + ¢); 
kink rounding (barrier E. + 8); core breakup (barrier E. + </> + 8). Copyright .@2002 American 
Institute of Physics. 
PD processes shown in Fig. 1 are [9-12]: diffusion along close-packed edges with "low" barrier 
E.; escape from kinks along step edges with barrier Ek = E. + ¢>; diffusion around kinks with 
barrier Er =E.+ 8; "core breakup" with barrier Ec =E.+</>+ 8. The third and fourth 
processes actually involve two hops, the first (slow) step to a diagonal NN site to the cluster, and 
the second "fast" step back to aNN site, but we combine these into a single effective hop. 
The activation energy for back-to-equilibrium shape relaxation through PD in this model is 
typically Eact = E. + </> + 8. This can be understood in two ways: one is by observing that "core 
breakup" with barrier Ec is the rate limiting process; the other is by noting that the diffusion 
barrier of an edge atom with a single bond is E., the population of such atoms is 
~ exp[-<P/(k8 T)], and there is an extra barrier 8 for the atom to cross a kink or corner. 
From the overall relaxation rate of clusters, one can estimate Eact for PD. Comparing kinetic 
Monte Carlo (KMC) simulations of the above atomistic model with STM experiments of the 
relaxation of worm-like structures for Ag/Ag(lOO) shows Eact = 0.68 eV [11]. Various 
calculations using density functional theory and embedded atom method estimate that E. = 
0.26-0.27 eV [14, 15]. The binding energy</> can be estimated from the step formation energy {3 
along the closed pack direction and theoretical calculation gives </> = 2/3a = 0.20-0.27 e V where a 
is the lattice constant [14, 16]. Thus, we conclude that there is a significant kink rounding barrier 
8 in the range of 0.14-0.22 eV. 
However, the effectiveness of this type of estimation depends on the accuracies of each 
parameter involved, which are often hard to gauge. For example, a recent experiment by 
Hoogeman eta/. [17] claims that the activation energy for kink escape is 0.6±0.1 e V, which 
should be equal to E. + ¢>. If one takes the upper bound of this estimate, and compares to the total 
activation energy of PD, one would conclude that 8 = 0. 
36 
Figure 2: Ex] 
corner-to-con 
min(<lOmir 
Recently, 
Pierre-Louise 
There are effo 
meandering d1 
the Bales-Zan. 
8. The kink ro 
low temperatu 
Since sint• 
interlayer difft 
SIZESCALII 
The "typic 
for Ag/Ag(lOC 
features of clu. 
scaling expone 
continuum the· 
curve. Let Vn ( 
chemical poter 
ated barriers 
ier Ee + ¢); 
l2 American 
w" barrier 
nks with 
rth 
luster, and 
op. 
model is 
that "core 
us ion 
1g kinetic 
•fthe 
, 
'e = 
rrergy J3 
I where a 
g barrier 
ch 
ich 
the total 
(a) 
( c} (d) 
Figure 2: Experimental STM images (50 x 50 nm2 ) of dumbbell formation and relaxation after 
corner-to-corner collision of Ag islands on Ag(JOO) at 300 K. Image times are: (a) 0 min ; (b) 46 
min ( < 10 min after collision); (c) 91 min; and (d) 271 min. Copyright @1998 World Scientific. 
Recently, the existence of the kink rounding barrier for PD has been shown independently by 
Pierre-Louis eta/. [18] and Ramana Murty and Cooper [19] to create instability during growth. 
There are efforts [20, 21] to use this instability to account for experimentally observed step 
meandering during growth on vicinal surfaces. However, it is difficult to separate effects from the 
the Bales-Zangwill instability [22] due to the Erhlich-Schwoebel barrier, and the instability due to 
b. The kink rounding barrier is also shown to play a critical role in multilayer mound formation at 
low temperature where islands become irregular [23]. 
Since sintering involves only diffusion of atoms along the step edge, it is not entangled with 
inter layer diffusion, making it ideal for studying the effect of the kink rounding barrier. 
SIZE SCALING OF THE RELAXATION RATE 
The "typical" experimental case of sintering involves corner-to-corner collision of two islands 
for Ag/Ag(IOO) at 300 K forming dumbbell-shaped clusters. See Fig. 2. One of the distinctive 
features of cluster dynamics is that the characteristic rate has a size scaling relationship, with the 
scaling exponent depends on the mechanism. It is instructive to look at the Mullins-type 
continuum theory for relaxation via PD. Here, the cluster perimeter is described by a continuous 
curve. Let Vn denote its normal velocity, J PD the mass current around the perimeter, f-L the 
chemical potential of step edge atoms, CTpD the mobility of step edge atoms, (J the step edge 
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Figure 3: Relaxation timeT versus effective length Letr of dumbbell relaxation. Letr is defined as 
VA: where Aav = (A1 + A2)/2 is the average area of the two clusters that form the dumbbell, 
with area A1 and A2 respectively. T is defined as the time for the neck width to increase from 
Letr/2 to Letr· The solid line is a fit to the power relationship T ~ Ln, which gives n = 3.1 ± 0.4. 
stiffness, and"' the step edge curvature. Then, one has 
Vn ex -V · JpD, with JPD ex -UpD Vp. and J1. ex ~"'• (I) 
the first equation imposing mass conservation, and V denoting the derivative along the perimeter. 
Since upD and~ depend only on step-edge orientation, it is straightforward to show that this 
continuum formulation produces exactly the scaling relation for the relaxation timeT ex L4. 
Detailed simulation studies of the atomistic model for PD described reveal that the value of 
the exponent for dumbbell relaxation equals the classic value of n = 4, the continuum model 
prediction, in the absence of a kink rounding barrier (o = 0). In fact, when anisotropy in~ is 
incorporated, the continuum formulation reproduces remarkably well results of atomistic 
simulations for relaxation of dumbbells when o = 0, even for small L [12]. However, n decreases 
toward 3 upon increasing o, crossover occurring when the "kink Ehrlich-Schwoebellength" 
Lr = exp[oj (k8 T )] increases above L [12]. 
Figure 3 shows the size dependence of the relaxation rate from experiments that suggest that 
T"' Ln, with n:::::: 3 deviating from the Mullins' value [9, 10], although the uncertainty is large. 
The deviation of the size scaling exponent n from the "conventional" value 4 suggests that 
L :S Lr, which gives a lower bound to the kink rounding barrier 0.11 e V. 
To gain some simple understanding of the size-scaling [12] ofT in dumbbell relaxation, 
consider the removal of a complete "outer layer" of"' L atoms towards the neck by transferring 
them around kink sites a distance ~ L away. As indicated in Fig. 4, this overall process is 
essentially a "random walk" between configurations with different numbers of transferred atoms. 
However, the energy decreases upon transfer of the last atom biasing the walk, so this 
configuration is an (imperfect) adsorbing state for the "walk". Thus, based on Einstein's relation 
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Figure 4: Schematic of adatom mass transfer from an outer terrace of a non-equilibrium nanos-
tructure during shape relaxation via periphery diffusion. Typical terrace lengths are ,...., L sites. 
Atoms are transferred reversibly between this outer terrace and the kinks on the lower terrace, as 
the system undergoes a "random walk" in configuration space. However, complete removal of the 
outer terrace lowers the energy, thus biasing evolution in this direction. 
for random walks, the time to transfer,...., L atoms scales like the square of the number of 
transferred atoms, i.e., TJayer ,...., L2T0 , where To is the typical time to transfer a single atom. 
Detailed analysis shows that To ,...., (Lr + L )Tk> where Tk = 1/hk. The overall relaxation process 
requires transfer of,...., L layers so that [12] 
(2) 
This expression reveals the behavior T ,...., L4 for L » Lr, and T ,...., L3 for L « Lr. 
We briefly mention that relaxation of rectangular clusters formed by side-to-side collision of 
square islands is distinct from the above case. For L below the characteristic length 
Lc = exp[¢>/(2ksT)]. which gives the separation of kinks on a close-packed step edge, the rate 
limiting process for relaxation is nucleation of new step edges [12, 24, 25]. In contrast, relaxation 
of the dumbbell shape does not requires formation of new step edges. For relaxation of 
rectangular islands with L « Lc, one finds that n ~ 2 forb = 0 [12, 25], with lower values for 
b > 0 [12]. The same processes control cluster diffusion. For c5 = 0, the size scaling exponent 
a = 3 when L » Lc. and a = 1 for L « Lc. The experimental value a ~ 2.2 presumably 
reflects crossover from the classic value of n = 4 to this lower value. Existence of the kink 
rounding barrier b can further lower the scaling exponent, however, it is only secondary to the 
effect of¢>, while its main effect is to reduce the overall mobility. 
In general, two length scales, Lc (related to the binding energy</>) and Lr (related to the kink 
rounding barrier 8), are important in determining the size scaling of dynamical processes. In 
addition, they are reflected in the azimuthal angle dependence of the step formation energy (3(0) 
and PD mobility o-pn(B). The exact relation for (3(0) is well known [12] and, from 
phenomenological arguments, we propose that o-pn (B) ~ o-p0 (0)/ (1 + I sin BILr/ a) for our 
model. 
DISCUSSION AND CONCLUSION 
We have conducted detailed simulations of a realistic but bare-bones atomistic model for 
comer-to-comer coalescence or sintering of near-square 2D clusters through periphery diffusion. 
Deviations from the continuum model prediction, which has been observed in experiments, are 
39 
revealed and explained. Specifically, an extra kink rounding barrier 8 gives rise to the deviation 
from the continuum model in the case of dumbbell relaxation (and for other geometries where 
relaxation does not involve formation of new step edges). 
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